upture of atheromatous plaque in the carotid artery often leads to thrombosis and subsequent stroke. 1 This is potentially preventable by carotid revascularization techniques, and the degree of luminal stenosis is commonly used in clinical practice as an indicator for carotid endarterectomy or carotid artery angioplasty/stenting. Carotid endarterectomy has been shown to be beneficial in patients with symptomatic high-grade (70-99%) stenosis, 2,3 but it is more difficult to draw conclusions about possible benefits for patients with moderate carotid stenosis. Moreover, the debate continues about whether or not asymptomatic patients with a moderate stenosis should undergo endarterectomy, despite the findings of the recent Asymptomatic Carotid Surgery Trial (ACST). 4 Previous studies have shown that vulnerable plaque (ie, prone to rupture with thromboembolic complications) has a thin fibrous cap, a large lipid core and a high inflammatory cell burden. 5, 6 Therefore, investigating plaque structure and morphology may aid in the risk stratification of patients with a moderate luminal stenosis.
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Although the original concept of vulnerable plaque was derived from the coronary circulation, there are compelling reasons why it also applies to the carotid circulation. [7] [8] [9] [10] [11] [12] The mechanism of plaque rupture is not entirely clear, but is thought to be a multifactorial process involving thinning and weakening of the fibrous cap by enzymes secreted by activated macrophages, and biomechanical stress as the trigger leading to plaque rupture. [13] [14] [15] From the point of view of structural analysis, plaque rupture is structural failure when the plaque cannot resist the hemodynamic blood pressure and shear stress exerted on it. In the process of plaque rupture, an excessive concentration of stress at a weak site on the plaque surface is considered to be an important factor. [16] [17] [18] The mechanism of plaque rupture has been widely studied using computational simulations. 17, 19, 20 Hung et al used histology-based 2-dimensional (D) solid models for arterial plaque and found that a thin fibrous cap and a large lipid core are important determinants of increased plaque stress. 21 Cheng et al used a finite element model based on histology to analyze coronary lesions, and their data suggested that the concentration of circumferential tensile stress in the lesion may play an important role in plaque rupture and myocardial infarction. 17 Tang et al used an ex vivo magnetic resonance imaging (MRI)-based flow-structure interaction model to study the interaction between flow and plaque, and suggested that large cyclic stress -strain variations in the plaque under pulsatile flow pressure may lead to plaque fatigue and possible rupture. 22 Imoto et al used longitudinal structural analysis of plaque rupture and revealed that plaque shape, size and remodeling may be associated with plaque rupture. 23 We previously used a blood flow and plaque interaction model to demonstrate Background Because many acute cerebral ischemic events are caused by rupture of vulnerable carotid atheroma and subsequent thrombosis, the present study used both idealized and patient-specific carotid atheromatous plaque models to evaluate the effect of structural determinants on stress distributions within plaque. Methods and Results Using a finite element method, structural analysis was performed using models derived from in vivo high-resolution magnetic resonance imaging (MRI) of carotid atheroma in 40 non-consecutive patients (20 symptomatic, 20 asymptomatic). Plaque components were modeled as hyper-elastic materials. The effects of varying fibrous cap thickness, lipid core size and lumen curvature on plaque stress distributions were examined. Lumen curvature and fibrous cap thickness were found to be major determinants of plaque stress. The size of the lipid core did not alter plaque stress significantly when the fibrous cap was relatively thick. The correlation between plaque stress and lumen curvature was significant for both symptomatic (p=0.01; correlation coefficient: 0.689) and asymptomatic patients (p=0.01; correlation coefficient: 0.862). Lumen curvature in plaques of symptomatic patients was significantly larger than those of asymptomatic patients (1.50±1.0 mm - 24 In the present study, we used a finite element method (FEA) and performed structural analysis of idealized plaque models to examine the determinants of plaque vulnerability by varying the fibrous cap thickness, lipid core size and lumen curvature. Structural analyses were also performed based on geometry derived from in vivo high-resolution MRI. The stress distributions within atherosclerotic carotid plaques were calculated and the maximum stresses were used to evaluate vulnerability.
Methods

Idealized Plaque Models
Various idealized plaque cross-section models were designed to examine the effect of different geometries on the stress distribution within plaque. The idealized model consisted of a generalized cross-section of an artery with an atheromatous plaque, a circular lumen and a blunt, crescent-shaped lipid core (Fig 1) . In this model, the lumen and vessel diameters were chosen to be 3 mm and 10 mm, respectively (corresponding to 70% luminal stenosis), and the vessel wall thickness was 1.5 mm. 25, 26 The fibrous cap thickness (d) and lipid core size (A) were varied to study their effect on stress distribution within the plaque.
Several typical lumen shapes based on the baseline model were investigated by keeping luminal diameter, fibrous cap thickness and lipid area constant. The luminal surface area was kept constant to ensure equal pressure load at the same blood pressure.
Multi-Spectral In Vivo MRI-Based Models
In vivo multi-sequence MRI data were acquired from 40 non-consecutive individuals (20 symptomatic, 20 asymptomatic; 29 males, median age 71.5 years (range 52-83)), recruited from a specialist neurovascular clinic. Informed written consent was given by all patients and the study was approved by the Internal Review Board. The median time from symptoms to carotid endarterectomy in the symptomatic cohort was 7 weeks (range 2-12). All symptomatic individuals had recently experienced either a retinal or cortical transient ischemic attack or a complete hemispheric stroke within the previous 6 months in the designated territory. Asymptomatic patients had experienced no symptoms within the 6 months before MRI.
Imaging studies were conducted using a 1.5-Tesla whole body system (GE Medical Systems, Milwaukee, WI, USA) with a custom-designed 4-channel phased array surface coil (PACC, Machnet BV, Elde, The Netherlands) wrapped around the neck and secured by a soft cervical collar. Additionally, patients were placed in a foam headrest to minimize motion artifacts. After an initial coronal localizer study, an axial 3-D Time-of-Flight (TOF) MR angiography was performed to identify the carotid bifurcation and the region of maximal stenosis. Axial images were acquired through the common carotid artery, 6 mm (2 slices) below the carotid bifurcation to a point 6 mm (2 slices) distal to the extent of the stenosis identified on the TOF sequence. This method ensured that the entire plaque was imaged and also facilitated image co-registration. The following 2-D, ECGgated, blood-suppressed, fast spin echo pulse sequences were used: intermediate T2 weighted with fat saturation, T2 weighted, short T1 inversion-recovery (STIR), and T1 weighted. The voxel size was 0.39×0.39×3 mm in all cases. The field of view was 10 cm and matrix size 256×256.
Slices were acquired sequentially with a 3-mm thickness and no inter-slice gap.
The conduct of the MRI studies did not cause a delay in any surgical intervention. Plaque geometry was obtained from the multi-spectral images. The regions of interest (ROI) were delineated manually with MR segmentation software (CMR tools v4.0, Imperial College, London, UK), corresponding to the plaque constituents of lipid core, fibrous cap, vessel wall and lumen. These components have different signal characteristics when imaged using our multi-sequence protocol. For example, the fibrous cap is particularly bright on STIR imaging, and the lipid core is dark on intermediate T2 weighted imaging with fat suppression. These techniques have been validated in a previous study against the histological gold standard. 26, 27 Once delineated, control vertices were exported from the segmentation software and imported into a specialist engineering package (MSC. Patran 2004 r2, MSC Software Corp, Santa Ana, CA, USA and ABAQUS Software V6.5, Rhodes Island, Providence, RI, USA) where the contours were reconstructed using a closed B-spline technique to form the geometry for mesh generation.
Structural Analysis
Structural analysis was performed using both the idealized plaque and MRI-based models. A standardized mean pressure was uniformly applied to the internal vessel wall in each numerical simulation. The pressure was assumed negligible on the outside vessel surface and the plaque was considered stress-free at zero pressure (no residual stress).
Plaque components were assumed to be hyper-elastic materials. In order to model this hyper-elastic behavior, a 2-term Ogden strain energy formulation was chosen to simulate the hyper-elastic stress/strain relation for the mechanical properties of plaque components. 28 This model was originally developed to describe large deformation isotropic elasticity in incompressible elastomeric solids. 28 It can be described in the following form:
where N is the number of terms and was taken to be 2 in this simulation. i are the principle stretch ratios, J is the Jacobian modulus, and K is the bulk modulus. i are moduli 
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constants and 1 =-2. i are exponent constants and 1 = -2. The values of the carotid plaque components were chosen to be the same as in our previous work. 27 The computational structural analysis was performed using a FEA. The complex structure of a plaque model was first divided into smaller subunits designated as elements. The total number of elements for each model was approximately 20,000. The structure was meshed with quadrilateral plan strain elements. The equivalent stress for each element was calculated. An internal pressure of 15 kPa (115 mmHg) was applied to the lumen wall, representing a mean physiological systolic blood pressure in the carotid artery. The numerical simulation was carried out using an FEA package ABAQUS (ABAQUS V6.5). Contour plots of the von Mises stresses were displayed using ABAQUS post processing. Von Mises stress is used to estimate yield criteria for ductile materials. It is calculated by combining stresses in 2 or 3 dimensions. Stress is in general a complicated 6-D tensor quantity. Von Mises stress reduces this to a single number (a scalar) for the purposes of calculating yield criteria.
The study analyzed the stress distributions within several idealized plaque models when varying the structural characteristics, followed by 40 patient-specific plaque models.
Results
Color-coded stress contours were used to represent the values of the von Mises stresses. The differences in stress Fig 2. Effect of fibrous cap thickness on von Mises plaque stress distribution. Stress distributions within 3 different plaques with increasing fibrous cap thickness (from top to bottom) are shown. The color scale shows the absolute stress values within the plaque, with the red arrow pointing to the maximum stresses. It is interesting that in the bottom plaque (with a thick fibrous cap), the maximum stress was on the contralateral side of the plaque away from the fibrous cap, but it should be noted that the maximum stress acting there was still much lower than in the top plaque (with a thin fibrous cap). distributions when varying the thickness of the fibrous cap are shown in Fig 2. Keeping the size of the lipid core constant (A=0.3D), there was an increase in maximum stress when the fibrous cap thickness decreased. Stress concentrations can be found at the thinnest part of the fibrous cap (Fig 2) . In contrast, when the fibrous cap was relatively thick, there was only a slight increase in plaque stress when the lipid core increased while keeping the fibrous cap thickness constant (Fig 3) .
With regards to the effect of lumen shape and curvature on plaque stress distribution, 2 types of plaque models were used. When the lumen was a circle, the maximum stress was 42.42 kPa. When the lumen was an ellipse, plaque stress increased to 65.49 kPa (when a/b=1.5) and 164.9 kPa (when a/b=3). We also studied the effect of lumen curvature when the lumen shape was distorted in progressive steps: circular (r/R=1), flattened (r/R=0.55), and crescent (r/R=0.38).
Plaque stress increased from 112.6 to 242.6 kPa. There was an increase of 100% in plaque stress when the lumen curvature was decreased by 38% (Fig 4) .
An inverse relationship can be found between plaque stress and relative fibrous cap thickness (Fig 5A) . Plaque stress increases exponentially when the fibrous cap thickness is decreased. When the fibrous cap is relatively thick (d=0.3D), there is only a 5% increase in predicted plaque stress, despite increasing the lipid core size by 500% (Fig 5B) . This indicates that the size of the lipid core has no significant influence on plaque stress when the fibrous cap is relatively thick. When the fibrous cap is relatively thin (d=0.12D), there is a large increase in plaque stress from when there is no lipid core to a small-sized lipid core (A=0.4D). After changing lumen shape from a circle to an ellipse by changing the ratio between 2 main axes (a and b), the predicted stress increased dramatically (Fig 5C) . The 
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stress concentrations can be found at both ends of the main axis.
Multi-sequence MRI studies were performed for all 40 patients. The baseline characteristics of the 2 groups are shown in Table 1 . There was no significant difference in the severity of stenosis, as measured by carotid duplex, between the symptomatic (median =71.5%, range 52.5-87.0%) and asymptomatic groups (median =67.5%, range 48.5-80.0%) (p=0.36). Analysis revealed that all plaques had evidence of a lipid core and a fibrous cap. There were, however, very few foci of calcification.
An example of the structural analysis of a carotid atherosclerotic plaque based on plaque geometry derived from in vivo high-resolution MRI is illustrated in imaging depicts a complex plaque with a thin fibrous cap, overlying a large necrotic lipid core. The stress map shows a high-stress concentration (672.5 kPa) in the shoulder region of the plaque. The large stress concentration is thought to be caused by a combination of the very thin fibrous cap and large lumen curvature. The 2 groups of data were tested for normality. The p-value suggested that the data were probably distributed normally and a normal plot superimposed on a frequency histogram further supported this hypothesis (symptomatic W=0.93, p=0.35; asymptomatic W=0.93, p=0.47). Following this evaluation of normality, parametric statistical analysis was undertaken using a non-paired T test (SPSS v12.0) and considered at the 5% significance level.
Symptomatic patients
The relationship between plaque maximum stress and plaque minimum lumen curvature was tested for both groups. The correlation between plaque stress and lumen curvature was found to be significant for both symptomatic (p=0.01; correlation coefficient: 0.689) and asymptomatic groups (p=0.01; correlation coefficient: 0.862). The maximum stresses in the plaques of the symptomatic patients were significantly higher than in those of asymptomatic patients (519.2±109.9 kPa vs 287.3±123.1 kPa (95% confidence interval (CI) of the difference was 142.2 to 361.0 kPa, p=0.009)). Lumen curvature of the plaques of symptomatic patients was significantly larger than those of asymptomatic patients (1.50±1.0 mm -1 vs 1.25±0.75 mm -1 (95% CI of the difference was 0.5 to 2.0 mm -1 , p=0.01)).
Discussion
We examined the effect of varying fibrous cap thickness, lipid core size and lumen curvature on plaque stress and our principal findings are as follows.
1. A thin fibrous cap leads to a high stress concentration. 2. Lipid core size does not alter plaque stress when the fibrous cap is thick. 3. Lumen shape and curvature play an important role in plaque stability. A large lumen curvature may result in a high stress concentration within the plaque. 4. Lumen curvature is positively correlated with plaque stress and was found to be significantly higher in symptomatic patients. Lumen curvature and structural analysis based on in vivo MRI may aid in identifying vulnerable patients. A thin fibrous cap leads to a high stress concentration, which is consistent with previous in vivo and ex vivo studies. 17, 19 The thinner the fibrous cap, the greater the plaque stress. Plaque stress increases exponentially when the fibrous cap thickness is decreased. However, the size of the lipid core has no significant influence on plaque stress when the fibrous cap is relatively thick. These findings are consistent with those from a previous study of longitudinal plaque models. 23 Our results also show that there is a large increase in plaque stress from when there is no lipid core to a smallsized lipid core. This suggests that it is the existence of the lipid core, and not its size, that has the greatest impact on overall stress within plaques with a thin fibrous cap.
Increased plaque stress can often be found in the areas of increased lumen curvature, such as the plaque shoulder regions. 17 The predicted stress increased dramatically when increasing the ratio between 2 main axes of the ellipse in the plaque model. The stress concentrations can be found at both ends of the main axis, which suggests that plaque with a large lumen curvature or sharp "corners" could be at high risk of rupture. Our study explains why stress concentrations are often be found in the shoulder regions of plaque, which often have a large lumen curvature at the junction of the fibrous cap and the vessel wall.
We found that plaque stress was significantly higher in symptomatic patients than in asymptomatic patients, as was found in a previous study. 29 Plaque stress positively correlated with lumen curvature in both symptomatic and asymptomatic patients and lumen curvature was significantly larger in symptomatic patients. These findings are consistent with each other and suggest that plaque stress or lumen curvature may be useful in the risk stratification of patients with carotid stenosis, especially for asymptomatic patients with moderate stenosis.
From a structural engineering point of view, risk assessment of plaque vulnerability needs quantification of plaque morphology. Luminal stenosis alone may not adequately reflect disease burden. For example, 1 patient with only 48% carotid stenosis had a maximal plaque stress of 464.12 kPa, whereas another patient with 80% carotid stenosis had a maximal plaque stress of only 203.94 kPa. This is because the plaque with less luminal stenosis had a vulnerable structure (thin fibrous cap and large lumen curvature) and the other with a higher degree of stenosis had a more stable structure (thick fibrous cap and round lumen). Furthermore, the measurement of luminal stenosis may underestimate the degree of plaque burden, because of vessel remodeling. 30 The advent of high-resolution imaging techniques, such as intravascular ultrasound (IVUS) and MRI, has enabled detailed morphological and structural characterization of carotid plaques to be performed in vivo. 26, 31 Our analysis used geometric and morphological data derived from in vivo MRI of the carotid bifurcation in order to conduct FEA of plaque rupture. This is different from previous studies that used geometry derived from histology 22 or ex vivo MRI. 32 This distinction is crucial because changes in the shape of vessels as a result of endarterectomy and histological fixation will have a significant impact on the predicted stress distributions. 18, 33, 34 The present study combined the advances in engineering techniques (eg, FEA) with in vivo highresolution multi-spectral MRI to examine the structural determinants of plaque stability, which may help in identifying vulnerable plaque in the future.
We did not study the effect of an applied load, a factor that is likely to be as important as morphological and biological information in determining stress distribution. An intra-luminal pressure of 115 mmHg was used in all the simulations because it approximates the mean arterial pressure in humans; but as hypertension frequently accompanies atherosclerotic disease it is possible that in the target group with carotid disease, the applied load may be higher, despite concomitant antihypertensive medication.
It is true that actual lesions in humans are not always perfect circles, or even ellipses, and can have diverse shapes, and the pattern of lipid distribution within a plaque is also not predictable and uniform. This is why the actual stress in plaques based on in vivo MRI is higher than that based on idealized models. The simplified idealized models can be used to outline the major determinants for plaque stability, but in order to quantify the risk of plaque rupture for each individual patient, structural analysis based on in vivo MRI and quantification of the plaque components' materials properties needs to be conducted for each individual patient. Other limitation of this study is that plaque rupture was approached as a purely structural problem, rather than a biological one. Of course, plaque rupture is a dynamic biological, biochemical and biomechanical process, and only 1 aspect of this complex interaction was considered in our study. Biological and biochemical factors have received much attention, and this has led to a better understanding of tissue changes in diseased arteries and their correlation with plaque rupture. However, the concept of biomechanical rupture has been minimally studied and may provide insight into the complex mechanism of atheroma formation and rupture. Second, each component of the plaque was assumed to be isotropic and homogeneous. By assuming that the fibrous cap, lipid core, and normal arterial wall are characterized by a single set of structural parameters, spatial and inter-specimen variations within a particular component were not considered here. However, this assumption has been widely accepted for the assessment of the biomechanical properties of atherosclerotic lesions. 17, 19 There are only limited data available about the anisotropic properties of the biomechanical behavior of atherosclerotic lesions. Third, plaque calcification was not included in the model because there were very few foci of calcification seen during MRI. However, we have studied the impact of calcification on plaque stability based on MRI and histology 35 and found that the location rather than the size of the calcification may play an important role. Additional CT scanning could be used to detect plaque calcification and improve the accuracy of the modeling work. Finally, we assumed that there were no shear stresses, torques or time-dependent forces. Only static blood pressure was considered to be acting on the lesion in the models. It has been documented that the effect of fluid shear stress is insignificant when compared with the effect of tensile wall stresses 21 as a direct component in plaque fracture dynamics. The estimation of stresses induced by static pressure load alone has already shown its usefulness in identifying stress concentration in human lesions, 17 because the location of stress concentration does not significantly differ between the single static pressure model and the complex dynamic pressure model.
The approaches we used are very important for the management of patients with carotid stenosis because they help identify vulnerable plaque before it ruptures. The development of reliable methods for identifying vulnerable plaque, and intervention before rupture, will require improved understanding of the mechanism of plaque rupture. Although luminal stenosis is the clinical standard for diagnosing carotid artery disease, the method poorly predicts the site of subsequent plaque rupture that will lead to stroke. The present study indicates that characterization of the sub-intimal structure through imaging modalities such as MRI may be useful in identifying vulnerable plaque. Studies of idealized geometries suggest a thin fibrous cap and large lumen curvature may dramatically increase peak stress in the lesion. Our results obtained by comparing symptomatic and asymptomatic patients using the MRI-based model confirm that plaque stress may be an independent risk indicator for plaque stability. Therefore, quantification of plaque morphology and simulation of a plaque model based on in vivo MRI may improve the management of carotid patients in the future.
Conclusion
We used idealized and patient-specific models and examined the structural determinants of plaque stability. It has been validated that plaques with thin fibrous caps are at high risk of rupture. Large lumen curvature may result in high stress concentrations and explains why stress concentration can often be found at the shoulders of the plaque. Detailed plaque morphology quantification is needed for risk stratification of vulnerable plaque rather than by measurement of luminal stenosis or fibrous cap thickness alone. A combination of in vivo high-resolution MRI and structural analysis could prove to be a useful tool in the future for risk stratification of patients with carotid atheroma, particularly for asymptomatic patients with moderate luminal stenosis.
